We present the results of the sensitivity of some electromagnetic non-destructive testing (NDT) methods to chloride contamination. The NDT methods are resistivity, using a quadripole probe, capacitive technique, with few sets of electrodes, and radar technique, using different bistatic configurations. A laboratory study was carried out involving three different concretes with different water to cement ratios. The concretes were conditioned with different degrees of NaCl saturation by means of three solutions containing 0 g/L, 30 g/l or 120 g/l. The solution was homogenized in the concrete by using a specific procedure. Results show that the EM techniques are very sensitive to the chloride content and saturation rate and, on a second level, to the porosity. Multilinear regression processing was performed to estimate the level of sensitivity of the NDT measurements to the three indicators. Values of ten ND observables are presented and discussed. At last, the uncertainties of the regression models are studied on a real structure in a tidal zone.
Although the destructive characterization of chloride content is now fully applied all over the world, it is widely recognized that the procedure is cumbersome and requires a lot of time, and that any non-destructive technique able to provide this information would bring an appreciable improvement to the assessment methodologies [4] . The complexity of the diagnosis is partially due to the multiple influences included during the measurement and the inversion process, all of which act as sources of uncertainty in the diagnosis. Generally, to assess an indicator (e.g. chloride content), all other properties are assumed to be constant. This assumption is either justified -and the diagnosis is accurate -or false -but the approach is still used for lack of another solution. The latter case is the more frequent, which is why improvements to NDT methods and interpretation methodology are long overdue.
Numerous studies have shown the great potential of electromagnetic (EM) techniques, including electrical ones, for the evaluation of concrete durability indicators, such as water content, chloride content and, to a lesser extent, porosity [5] [6] [7] [8] [9] [10] [11] [12] . These studies, performed on different concrete mixes, have shown the high level of sensitivity of the EM observables (from conductivity to relative permittivity at radar frequencies) to these A national project gathering six academic partners and six industrials, the "Strategy of non-destructive evaluation for the monitoring of concrete structures" (SENSO) project, aimed to propose a methodology for the non-destructive evaluation of some indicators related to the durability of concrete by means of a combination of numerous nondestructive testing (NDT) methods, including electrical, EM and ultra-sonic (US) techniques [13] . For each indicator, the objectives were to evaluate its value (average and degree of variability) and to estimate the degree of reliability of this evaluation. An important experimental study was carried out on controlled samples (homogeneous regarding the variation of indicators inside the samples) and a large database was built up and explored to draw relationships between NDT measurements and indicators [13] [14] [15] [16] . Saturation rate, porosity, carbonation depth and chloride ingress were the indicators addressed for 8 different concrete compositions, and were investigated with more than 11 ND methods.
Within that framework, a specific experimental programme was dedicated to chloride content, and the objective of this paper is to present the results of that study. Laboratory experiments were carried out on three different concretes using three saturation degrees of solutions involving two concentrations of NaCl (30 and 120 g/l). The quantities of total chloride were assessed by chemical titration and NDT measurements were performed at the same time. As US techniques showed very low sensitivity to chloride content, only the electrical and EM techniques are presented and discussed below.
In this paper, the objective of the first study is to determine multilinear regressions between ND measurements and specific indicators: saturation rate, porosity and chloride content, for various depths, on controlled concrete samples. The second part studies the use of these regressions to estimate chloride content, also addressing the question of uncertainty at the levels of methods and models. Then, the last part is devoted to their implementation on a real site in a tidal zone. The discussion only focuses on the choice of techniques for chloride contamination diagnosis here, and on the uncertainty levels.
Experimental design

Preparation and conditioning of concretes
Focusing on chlorides, three concretes were made using the same cement (CEMI 52.5 N from Calcia) and the same nature of aggregates (round siliceous) from the River Garonne. The details are presented in Table 1 , keeping the same references as those used in the SENSO project [13] . For each mix, 11 slabs (50x25x12 cm) were cast and water cured for 28 days. Three of these slabs were devoted to assessment of the porosity, the compressive strength and the characterization of the Young's modulus. 4 slabs were contaminated with a solution of water containing 120 g/l of NaCl (CL-2) in the same conditions of saturation. After absorbing the quantity of salt water corresponding to a given saturation degree, each slab was sealed in a polyethylene sheet and adhesive aluminium foil.
They were then placed in an oven at 80°C for three months to homogenize the interstitial solution. Before the contamination with chlorides, the slabs were conditioned at 5 different levels of saturation (0, 40%, 60%, 80% and 100% of tap water) and tested with NDT methods in the same conditions as for chloride contamination (CL-0). Thus it was possible to compare the effect of chloride contamination on NDT measurements on the sample samples. Table A1 , in appendix, summarizes the saturation rate for all the concretes, the porosity (measured on only 1 slab) and the total chloride content in percentage weight of dry concrete, assessed by chemical titration at different depths (5, 10, 15 and 20 mm). It can be seen that there was no significant chloride gradient over the depth investigated by titration.
NDT measurements
Radar technique
The radar techniques developed in the framework of this study relied on commercial ground-penetrating radar (GPR) systems, using SIR-3000 systems from Geophysical Survey Systems Inc. (GSSI®) and two separate ground-coupled 1.5 GHz antennas. Two approaches were employed. One of them used four offsets (transmitter-receiver distance), ranging from 7 to 14 cm, with an absorbing sponge placed between the transmitter and the receiver, in order to measure the direct wave in the medium without distortion due to the direct air wave [16] . Few observables were studied with this   94   95   96   97   98   99   100   101   102   103   104   105   106   107   108   109   110   111   112   113   114   115   116   117 configuration: the velocity, the corresponding relative permittivity and the attenuation from the direct wave, and the arrival time for the largest offset. For the attenuation, the observable studied corresponded to the slope coefficient of the logarithm of the amplitudes.
The second approach, with one standard 1.5 GHz antenna, directly measured the peakto-peak amplitude of the direct wave in the medium [6] [7] . This amplitude was normalized to the peak-to-peak amplitude of the signal in air. For both configurations, the coupled thickness of the medium, in the near vicinity of a GPR antenna which interacts with it, can be estimated at 8-10 cm.
Capacitive technique
This technique, and the corresponding sensor, was designed by the network of laboratories of the Ministry of Ecology, Sustainable Development and Energy (France) and tested in reinforced concrete structures [16] [17] [18] . The principle of the capacitive technique is to measure the resonance frequency of an oscillating circuit (around 30-35
MHz) between several electrodes lying on the upper face of the concrete slab. A calibration allows the concrete relative permittivity ε'r to be obtained, which is mainly related to the water content and the mixture components. The volume investigated depends on the geometry of the electrodes (coupled depth of roughly 1-2 cm for medium sized electrodes -ME -and 6-8 cm for large electrodes -GE).
Resistivity technique
The technique tested in this study used a four-probe square device that injects electrical current between two lateral probes and measures the potential difference between the other two probes [18] [19] [20] . The apparent resistivity is deduced from the ratio of the potential to the intensity, according to the geometrical characteristics. Measurements, with two spacings (5 and 10 cm), were performed for two orthogonal directions of electrical current injection and then averaged, for coupling thicknesses of about 3 and 6 cm respectively. For an accurate analysis, given the wide range of variation of resistivity between concretes in different states of moisture and chloride content, it is necessary to study the resistivity in its logarithmic form (Log(Res)).
In the following text, the term "observable" will be used as a generic term for all the ND studied observables (Table A2 , in appendix).
Laboratory results
The first campaigns in the SENSO project showed that most of the NDT techniques 
where Poro, Sr and Cl -correspond to the porosity, the saturation rate and the chloride content, respectively, and a, b, c and d to the multi-linear regression coefficients.
Some ND observables require specific adaptation, such as the GPR signal attenuation and the resistivity measurements. Concerning the electrical resistivity, for concrete, as for porous materials, the empirical Archie's law is used and expressed as: 
where, considering the range of variation for porosity (12 to 18%) and saturation (40 to Nevertheless, there is no discussion of uncertainties in these papers. The influence of chlorides on electrical resistivity is complex since the interstitial fluids in concrete are naturally conductive. Fluid in concrete depends on the composition of the cement and additions, so it is influenced by alkali content: the more alkali there is in the pore water, the smaller is the influence of external fluid [21] . The real value for Rw in the Archie's law is a composition of conductance of fluids from the concrete and from external ingresses [24] . Numerous works present the relationship between electrical resistivity and chloride diffusivity [25] [26] [27] . The Nernst-Einstein relationship, used to describe chloride ingress in concrete structure, could be simplified by taking the ideal hypothesis of a constant value for the ion diffusivity, which would give:
with ci the concentration of ion i in the pore water; k a constant deduced from the Nernst-Einstein relationship and associated with the gas constant, the absolute temperature, the ionic valence, the Faraday constant, the ion transport number, and its activity coefficient; and R the electrical resistivity. Apart from ideal cases, the complexity of interactions between concrete interstitial fluid and chlorides may explain why there is no report on the electrical resistivity of concrete versus chloride content of pore water.
To avoid any influence of the ranges of variation for indicators and measurement on the for Poro.
In Table 4 , while focusing on the indicators, the chloride content coefficient presents the highest values for all the EM techniques, except for the "Time Offset-Large" observable. The ND approaches, focused on the attenuation of the radar wave, the capacitive and the resistivity techniques, remain the most sensitive to chloride content, the "GPR log (peak-to-peak)" observable being twice as sensitive as the others.
Concerning the saturation rate, the ND techniques devoted to time or velocity of radar The difference between the capacitive technique and the GPR time or velocity can be explained by the fact that the EM characteristics of civil engineering materials at the frequencies used (very low GPR frequency band) are sensitive to both chloride and water content [28] , due to the predominant effect of interfacial polarization. Finally, for the porosity estimation, the electrical techniques give the best performance.
Fig. 2. Comparison of the measured and calculated observables for a) the resistivity technique -quadripole 5 cm b) the capacitive technique -large electrodes, c) the GPR Log(peak-to-peak) amplitude, d) the GPR amplitude (large offset), at their optimal configuration
This can be explained by the increase in connectivity of pores as the porosity increases, which facilitates ionic displacement and thus the electric current, especially for saturation degrees higher than 40%.
This normalized study thus shows that all these EM techniques are capable of providing information on the following indicators: chloride content, saturation rate and porosity, in concrete mixes. Their sensitivity to these indicators encourages complementary use of these ND techniques if we want to dissociate the indicators surveyed.
On-site implementation and discussion
The objective of the campaign described here is to estimate the uncertainty on the values of indicators from ND measurements made at a real site in a tidal zone, using the regressions studied above and the corresponding uncertainties (from the ND measurement and from the regression). Given their high sensitivity to chlorides, three techniques were considered for comparison, out of the three NDT families: resistivity, capacity and GPR. By performing statistical calculations, this study, described below, estimation, from a structural engineering point of view. As the calibration was not performed on the structure in question, only the uncertainties will be studied, and not the absolute values, for which no reliability estimate can be made.
Presentation of the site
The chosen test site was a 15-year-old reinforced concrete wharf at the port of SaintNazaire (France). A large ND campaign was carried out on the site in the framework of the SENSO project, in which all the authors participated. The wharf, the ND techniques, and the destructive analysis are accurately described in [15] and EM values in [29] .
The structure tested was a precast reinforced concrete beam exposed to chloride ingress in a tidal zone. The concrete mix used a CEM II/A 32.5PM cement with a water-tocement ratio of 0.46, and included fly ash and siliceous aggregates as components. The standard tests showed a 28-day compressive strength of about 36 MPa. Gas permeability measurements on five cores gave values corresponding to a porosity in the 11-12% range, and chloride profiles were also obtained from these cores.
The chloride profiles, presented in [15] , show values of total chlorides per weight of dry concrete of about 0.025% in the first 5 mm, a maximum of 0.09+/-0.01% at 15+/-2 mm and then a linear decrease to 0.03% at about 32 mm. ND measurements were performed on each side of the beam -the external side exposed to wind, rain and ocean spray, and the protected, internal side under the wharf deck -on three horizontal lines. Thirty measurements were recorded per face, at the centre of the reinforcement meshes. The ND values shown in Table 5 
Methodological approach
Non-destructive measurements led to the determination of the observables, from which the indicators were deduced through the inverse analysis of a specific relationship for each technique, for instance Eq.1. During this process, uncertainty appeared at various levels, mainly (Table 6 based on Eq.1):
 on the measurement (uncertainty on observable). This uncertainty was assessed during the investigation of the structure by repeated measurements. For this study, the measurement uncertainty is the standard deviation of repeated measurements relative to the average value (in other words the Coefficient of Variation CoV), given in terms of relative uncertainty;  on the relationship between observable and indicator (model error). This error is linked to the reliability of the calibration process. In this study, it corresponds to the standard error value of the parameter considered, as assessed during the linear regression calculation relative to the average value of the parameter (the CoV). The sensitivity analysis showing the effect of these various uncertainty levels on diagnostic reliability is performed through a Monte Carlo simulation. It consists of performing repeated sampling for a parameter described by its statistics (average and CoV). The simulated population respects the same statistical distribution. Then from each "simulated uncertain term" of the population, it is possible assess the uncertainty propagating to the final result. For this study, and at each step, 1000 values were simulated. According to the objective, the uncertainties could be simulated on different parameters. 
Influence of types of uncertainty of NDT methods
For this study, we considered the triplet: resistivity Q5, capa LE, and GPR velocity, Table 3 ).
An overview of the results is given in the following tables (7, 8 and 9 Tables 7 and 8 show that uncertainties on the regression models lead to an unacceptable estimation of indicators. The models obtained from laboratory experiments, which were not suited to Saint Nazaire wharf, are used. This is made obvious by the negative values for chloride factors. So, the influence of model error or measurement uncertainty is estimated by the error of indicator assessment and not to by the value of the indicator. This implies that a calibration of the regression models is necessary for each ND technique for every ND inspection on a new concrete structure. As inversions show similar results for the internal and the external sides, only the values of the internal face are presented below. The analysis of Table 7 give rise to acceptable ranges when the hypothesis of perfect regression models is maintained (if they can be designed on the concrete being surveyed) and when the standard deviation of each ND technique is found on site.
Influence of combination of observables
The choice of the three techniques also has an influence on uncertainties of assessment.
We compare the results obtained when the techniques were selected on their own reliability with respect to chloride variations (as in Section 3, techniques chosen on the R² value, see Table 3 ), or if the techniques were chosen according to their complementarity (based on the assessment of the highest determinant value, see Eqs. 5 to 7).
The two cases are studied in Table 9 , which shows the influence of observable combination on the assessment of indicators. As expected, when the value of Det(M) decreases too much, the inversion process induces unacceptable uncertainties, as seen for the triplet Techn. Res (Q5) / Capa (LE) / GPR ampl. An explanation can be furnished by Figure 3 , which shows the regression relations for the two distinct NDT triplets (from Table 9 ) while focusing on chloride. Ideally, the estimation of chloride content should be made by the intersection of the three regressions. In both cases, there is no single intersection of the three curves.
Nevertheless, the uncertainty of the apparent solution (not exact since the calibration does not correspond to the material under study) is represented by the band covered by the three ranges of uncertainty for each of the observables.
The bandwidth of uncertainty on chloride content varies from less than 0.3 for the first case (blue arrow in Fig. 3a) , to more than 0.35 for the second case (blue arrow in Fig.   3b ). The closer the three regressions intersect (the farther the determinant from Eq. 7 is from 0) the less uncertainty there is. Then, for the second case, it is shown that both (Fig. 4a) is 0.35. This value is in the range of the first results, proving that this approach is not sufficient when working with EM techniques.
Going further in this study, we also tested this criterion by considering an ideal virtual technique fairly perpendicular to the first two (Fig. 4b) . 
Conclusion
The results presented in this paper concern the implementation of different NDT methods (using radar, capacitive and resistivity techniques) for the detection of Finally, it is illusory to believe that it is possible to accurately estimate the chloride content of a concrete structure using the hypothesis that all other indicators are spatially constant. The paper has highlighted the present limitations of the various possible approaches for chloride content assessment.
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Glossary
Chloride content: ratio (percentage) of the weight of total chloride (free and bound) to the weight of dry concrete. [9]
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